Downloaded from cancerres.aacrjournals.org on September 23, 2021. © 1995 American Association for Cancer
Research.



GENE THERAPY FOR HEPATOCELLULAR CARCINOMA

HSV pA LTR pA
AFP 0.3 kb | |
promoter HSV-TK
LTR = o 5
Konl BamHI EcoRl Hindlll Xbal Kpnl
B e
1k

-240 TGAGGAGAAX.ATATGTTATA TTTGCAAAAT AAAATAAGTT TGCAAGTTTT TTTTTTCTGC
Sspl

-180 CCCAAAGAGC TCTGTGTCCT TGAACTAAAA ATCACAATAA CCGCTATGCT GTTAATTATT

-120 GGCAAATGTC CCATTTTCAA CCTAAGGAAA TACCATAAAG TAACAGATAT ACCAACAAA]
-60 GGTTACTAGT TAACAGGCAT TGCCTGAAAA GAQIETERAA GAATTTCAGC ATGATTTTCC
+1 ATATTGTGCT TCCACCACTG CCAATAACA

Fig. 1. A, the structure of the pLNAF0.3TK retroviral vector containing the HSV-rk
gene under the control of the human AFP gene promoter. The AFP promoter/HSV-tk
hybrid gene was inserted into the MLV-based retroviral vector, pLNCX, in the forward
orientation. The HSV-tk gene is shown hatched, and the 0.3-kb AFP promoter is shown
stippled. Arrows, the transcription start sites and the direction of transcriptions. pA,
polyadenylation signal; neo, neomycin resistance gene. B, the nucleotide sequence of the
human AFP gene promoter. GRE and two HNF-1 binding sites are indicated by double
and single underlines, respectively. TATA is indicated by a box.

ecotropic recombinant retroviruses was infected into PA317 amphotropic
packaging cells. The virus-infected PA317 cells were selected in medium with
800 pg/ml G418 (GIBCO-BRL), and G418-resistant colonies were cloned
using cloning rings.

Southern Blot Analysis. High molecular weight cellular DNA was iso-
lated as described previously (12), and aliquots (10 ug) were digested with
Kpnl, EcoRl/Xbal, or HindlIll. The restriction fragments were analyzed by
electrophoresis in 0.9% agarose gels according to the method of Southern (12).
A 1.8-kb HSV-tk gene, which was released from pLNCTK by HindllI-Clal
double digestion, was used as a probe.

Retroviral Infection of Human Hepatoma and Nonhepatoma Cell
Lines. Amphotropic recombinant retrovirus, LNAF0.3TK, was harvested
from the established producer cell, PA317/LNAF0.3TK. The hepatoma and
nonhepatoma cells (1 X 10° cells) were incubated for 24 h in 3 ml of virus
supernatant plus 4 ml of fresh medium containing 8 ug/ml of polybrene. The
cells were then cultured in complete medium containing G418 for 2 weeks.
The concentration of G418 used for each cell line was 600 pg/ml for HepG2,
HuH7, PLC/PRF/5, and huH1/cl.2 and 400 pg/ml for HeLa. G418-resistant
pooled populations were subjected to further studies.

Northern Blot Analysis. Total cellular RNA was isolated by the guani-
dinium isothiocyanate method (13). HSV-tk transcripts were detected using a
1.8-kb HSV-tk gene. Glyceraldehyde-3-phosphate dehydrogenase cDNA was
used as a control probe (14).

GCV- or ACV-mediated Growth Inhibition Studies. GCV- or ACV-
mediated cell growth inhibition was determined by colorimetrical quantitation
of the viable cell number (15). The virus-infected cells (1 X 10%/well) were
plated in 48-well multiplates. One day later (day 0), the cells were treated with
500 pl of fresh media in the absence or presence of varying concentrations of
GCV (Syntex, Palo Alto, CA) or ACV (Welcome Japan, Osaka, Japan). Each
medium was replaced with a corresponding fresh medium on days 2 and 4. To
quantify the cell viability, SO ul of 5 mg/ml MTT (Sigma) in PBS were added
to each well. Cells were further cultured for 2 h at 37°C. The supernatants were
aspirated, and 100 pl of n-propyl alcohol containing 0.1% NP40 and 4 X 1073
M HCI were added to each well. The color reaction was quantitated using an
automatic plate reader (Bio-Rad) at 570 nm with a reference filter of 630 nm.
The percentage of growth inhibition was calculated as:

A

N A-B
% growth inhibition = X 100

where A is absorbance from the cells incubated with medium alone, and B is
absorbance from the cells incubated with the medium containing varying
concentrations of GCV or ACV.

RESULTS

Production of Recombinant Retrovirus Containing the HSV-tk
Gene under the Control of the Human AFP Gene Promoter. The
clonal line of PA317 amphotropic packaging cells with LNAF0.3TK
provirus was isolated, and the genomic DNA was analyzed by South-
ern blotting with a HSV-tk probe (Fig. 2). The Kpnl cuts the proviral
DNA within both MLV-LTRs (Fig. 1A), releasing the 4.8-kb full-
length provirus. The additional 4.4-kb band was derived from another
HSV-tk gene that was used to generate the PA317 packaging cells
(16). The 2.4-kb fragment containing both AFP promoter and HSV-zk
gene (Fig. 1A) was released from the provirus by EcoRI/Xbal double
digestion. The HindlII cuts the provirus at only 5’ end of the HSV-k
gene (Fig. 1A). Hybridization of HindIII-digested genomic DNA with
HSV-tk probe represented the provirus to be carried in a unique
fragment (2.8-kb). The 7.5-kb band in EcoRI/Xbal digestion and
9.4-kb in HindIIl showed another HSV-tk gene as described previ-
ously (16). PA317/LNAF0.3TK virus stock had a titer of 4 X 10*
G418-resistant, colony-forming units/ml in NIH3T3 cells. The virus
titer was relatively low compared with several previous reports. The
removal of the HSV-tk polyadenylation signal may lead to a high virus
titer. No helper virus could be detected in the culture supernatant.

Virus Infection of Human Hepatoma and Nonhepatoma Cell
Lines. Four human hepatoma cell lines, HepG2, HuH7, PLC/PRF/S,
and huH1/cl.2, and a nonhepatoma cell line, HeLa, were used as target

K EX H
(kb)

23.1 -
94 -
6.6 -

44 -

23-
2.0-

1 2 3

Fig. 2. Analysis of proviral DNA in the PA317/LNAF0.3TK. Genomic DNA (10 ug)
was cleaved with restriction enzymes and Southern blotted with a HSV-rk probe as
described in “Materials and Methods.” The positions of DNA markers with apparent sizes
in kb are shown on the left. Lane I, Kpnl digestion; Lane 2, EcoRl/Xbal double digestion;
Lane 3, Hindlll digestion.
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Table 1 AFP secretion in hepatoma cell lines

AFP secretion”

Cell (ng/day/10° cells)
HepG2 60.6 £ 6.6
HuH7 101487.7 £ 10271.5
PLC/PRF/S 13.7+13
huH1/cl.2 04=0.1

“ Results are represented as the mean + SD (n = 4).
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Fig. 3. Northern blot analysis of HSV-tk transcripts in LNAF0.3TK virus-infected
cells. Total RNA (10 pug) was analyzed for HSV-tk or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA as described in “Materials and Methods.” Lane 1,
HepG2; Lane 2, HuH7; Lane 3, PLC/PRF/S; Lane 4, huH1/cl.2; Lane 5, HeLa.

cells for the recombinant retrovirus infection. As shown in Table 1,
HuH7 cells secrete a large amount of AFP. The AFP secretion by
HepG2, another AFP-producing hepatoma cell line, was 5-fold higher
than that by PLC/PRF/5. However, huH1/cl.2 produced a very small
amount of AFP as described previously (5). By Northern blot analysis
in the virus-infected cells, the 1.3-kb HSV-zk transcripts, which were
supposed to be initiated at the AFP promoter, were detected clearly in
HuH7 and slightly in HepG2, while the 4.8-kb virus genomic RNA
from the MLV-LTR to MLV-encoded polyadenylation site was
detectable in all cell lines (Fig. 3).

Selective Induction of GCV-mediated Cytotoxicity to AFP-pro-
ducing Hepatoma Cells by LNAF0.3TK Viruses. Among five cell
lines tested, HepG2 and HuH7, both of which were characterized by
highly AFP-producing cells, were most sensitive to GCV
(ID5, = 0.74 X 107° m and 0.46 X 10™° M, respectively; Fig. 4).
PLC/PRF/5 (IDs, = 8.5 X 10~° m), a moderately AFP-producing cell
line, was less sensitive to GCV than HepG2 or HuH7 but much more
sensitive than huH1/cl.2 (ID5, = 92 X 10~° m), in which the AFP
secretion was hardly detectable. In the virus-infected HeLa cells, a
nonhepatoma cell line, and all parental cell lines, the ID,s were more
than 200 X 107° M. The effect of 5 X 107° M GCV on cell growth
is shown in Fig. 5. Treatment with GCV for 6 days resulted in
90-95% growth inhibition in HepG2 and HuH7 and 35% in
PLC/PRF/S. In contrast, growth of huH1/cl.2 or HeLa cells was not
affected by this treatment.

Effect of Dexamethasone on ACV-mediated Growth Inhibition
in HepG2. The cytotoxicity of ACV is known to be less than that of
GCV (17). Actually, 6 days of treatment of the virus-infected hepa-
toma cells with 1 X 107> M ACV resulted in only 30-40% growth
inhibition (Fig. 6). Since dexamethasone up-regulates the human AFP
gene expression through GRE in its promoter (6), the effect of
dexamethasone on ACV-mediated growth inhibition was investigated.
The ACV-mediated growth inhibition with 3 X 10™® M dexametha-
sone was approximately two times stronger than that without dexam-
ethasone in the virus-infected HepG2 cells (Fig. 7). Treatment with
dexamethasone in parental cells or the virus-infected cells without
ACV exposure did not inhibit cell growth (data not shown).

DISCUSSION

In this study, we transduced the HSV-tk gene under the control of
the 0.3-kb human AFP gene promoter into several hepatoma cell lines
and a nonhepatoma cell line using the LNAFO0.3TK retrovirus. We
have shown that the AFP promoter sequence is sufficient to initiate
the transcription of the HSV-tk gene specifically in AFP-producing
hepatoma cells, resulting in induction of cytotoxic effects of the
nucleoside analogues in these cells. Since the AFP gene expression is
closely associated with not only developmental regulation but also
hepatocarcinogenesis (18), the LNAF0.3TK retrovirus is a possible
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Fig. 4. The concentration of GCV yielding 50% inhibition (IDs,). The virus-infected
cells exposed to varying concentrations (0-200 X 107 m) of GCV for 6 days were
subjected to analysis of cell viability by the MTT assay and calculation of IDs, using
curve-fitting parameters (n = 4).
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Fig. 5. The effect of GCV on cell growth. The virus-infected cells were incubated in
the absence or presence of 5 X 107® M GCV for 2, 4, and 6 days. The MTT assays were
performed at indicated times, and cell viability was expressed as the percentage of growth
(n = 4) as described in “Materials and Methods.”
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carrier involved in selective elimination of human hepatoma cells.
Growth inhibition was more pronounced in HepG2 cells compared
with HuH?7 cells, although AFP expression was much lower in HepG2
cells than in HuH7 cells. The toxicity of GCV presumably relies on
not only the presence of a viral TK but also cellular mitotic activity.
One possible explanation is that AFP expression largely depends on
its enhancer activity in HuH7 cells (5) and that cell growth is more
rapid in HepG2 cells than HuH7 cells.

Huber ez al. (19) reported an approach involving retrovirus-medi-
ated gene therapy for HCC. They used a chimeric varicella zoster-k
gene under the control of 5.1-kb of 5'-flanking sequence from the
human AFP gene. The retrovirus-delivered chimeric genes led to the
tissue-specific expression of varicella zoster-tk and the tissue-specific
cytotoxicity by araM exposure. Macri and Gordon (20) linked 7.6 kb
of 5'-flanking sequence from the mouse AFP gene to the HSV-tk
gene. When the transgenic mice that expressed the HSV-zk transgene
were crossed to other transgenic mice that develop multifocal HCC
through expression of a SV40 large T-antigen, a significant delay of
tumor progression was achieved by administration of GCV. In both
studies, they used quite extended upstream control regions of the
human or mouse AFP gene, which contain a number of positive and
negative distal elements in addition to the promoter. However, the
0.3-kb promoter of human AFP gene contributes to a sufficient
selective cytotoxicity of GCV to AFP-producing hepatoma cells in
our present study. The 0.3-kb AFP promoter contains GRE, two
HNF-1 binding sites, and TATA box (Fig. 1B; Refs. 6 and 7) but does
not have a typical CCAAT sequence (10). Both of the HNF-1 binding
sites are completely conserved in humans, rats, and mice. Recent
studies reported that the HNF-1 binding site (—132 to —116) is also
recognized by nuclear factor-1 and CCAAT/enhancer binding pro-
teins that function actively during postnatal liver growth (21, 22). In
addition, McVey et al. (23) have demonstrated that only the G-to-A
substitution at position —119 is associated with hereditary persistence
of human AFP. Therefore, one possible mechanism that explains the
selective cytotoxicity of GCV to the virus-infected AFP-producing
hepatoma cells in this study is that, in AFP-nonproducing hepatoma
cells as well as normal hepatocytes, nuclear factor-1 or CCAAT/
enhancer binding proteins may compete with HNF-1 to form a DNA-
protein complex in its binding site, resulting in the decreased AFP
promoter activity.

The use of 0.3-kb AFP promoter has several advantages compared
with a longer 5'-flanking sequence containing all positive and nega-
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Fig. 6. The effect of ACV on cell growth. The virus-infected hepatoma cells were
incubated in the absence or presence of 1 X 107> M ACV for 2, 4, and 6 days. Cell
viability was determined by the MTT assay at indicated times and expressed as the
percentage of cell growth (n = 4).
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Fig. 7. The effect of dexamethasone on ACV-mediated growth inhibition in
LNAFO0.3TK virus-infected HepG2 cells. The cells were exposed to varying concentra-
tions (0-1.0 X 10~ m) of ACV with or without 3 X 10~® M dexamethasone for 6 days.
Cell viability was determined by the MTT assay and exp d as the perc of cell
growth (n = 4).

tive elements: (a) the issue of the existence of stem cells in the adult
liver is not fully resolved (24, 25). If stem cells express AFP, they may
be killed by the AFP/tk suicide approach. However, the high level of
AFP expression depends on the activity of enhancer, and the activity
of AFP promoter is originally weak (3, 6). Our AFP promoter/tk
suicide approach, thereby, could decrease the cytotoxicity of the
nucleoside analogues to stem cells, even if they express AFP; () it is
possible that a variety of unknown transcriptional regulatory
sequences exist in the far upstream region of the human AFP gene,
and those elements might cause unexpected and unfavorable effects
on the GCV-mediated cytotoxicity in vivo. With a shorter promoter
sequence, this type of problem, if it arises, would be much easier to
deal with; and (c) to get a high titer of recombinant retrovirus, a short
DNA fragment is preferred, although a 8-9-kb fragment can be
maximally introduced (26).

It has been shown that dexamethasone can stimulate AFP gene
expression through the GRE located in the 0.3-kb promoter region (6).
ACYV, another nucleoside analogue, is a relatively less efficient sub-
strate for HSV-TK than GCV (17). Thus, the cytotoxicity of ACV is
much less than that of GCV, although ACV has fewer side effects in
vivo compared with GCV. Consistent with these observations, ACV-
mediated growth inhibition of virus-infected hepatoma cells was
much less than the GCV-mediated one in this study. However, dex-
amethasone treatment increased the ACV-mediated cytotoxicity
through GRE in HepG2 cells. Lui et al. (27) have shown that the high
levels of glucocorticoid receptor were preserved in human hepatoma
cells. In addition, hydrocortisone treatment resulted in increased AFP
gene expression in HepG2 cells. High levels of glucocorticoid recep-
tor expression in HepG2 may contribute to the enhanced effect of
dexamethasone. Since expression of the AFP gene is influenced by a
variety of agents, including hormones (28, 29) and growth factors
(30-32), these results indicate that expression of the therapeutic gene
and the resultant cytotoxicity can be modulated by treatment with
these agents.

In conclusion, our study indicates that the 0.3-kb promoter se-
quence of the human AFP gene is sufficient for selective expression
of the HSV-rk gene in AFP-producing hepatoma cells and thereby
sensitizes these cells to GCV. We also demonstrate that dexametha-
sone enhances the cytotoxicity of ACV after gene transduction be-
cause of the presence of GRE in the AFP promoter. Thus, the human
AFP 0.3-kb promoter provides a useful gene therapy strategy against
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HCC, exerting its effect in the context of an infectious and replication-
defective recombinant retrovirus.
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